MM3 (version 1992, ϵ=3.0) was used to study the ring conformations of d-xylopyranose, d-lyxopyranose and d-arabinopyranose. The energy surfaces exhibit low-energy regions corresponding to chair and skew forms with high-energy barriers between these regions corresponding to envelope and half-chair forms. The lowest energy conformer is 4 C 1 for α-and β-xylopyranose and α-and β-lyxopyranose, and the lowest energy conformer is 1 C 4 for α-and β-arabinopyranose. Only α-lyxopyranose exhibits a secondary low-energy region ( 1 C 4 ) within 1 kcal/mol of its global minimum. Overall, the results are in good agreement with NMR and crystallographic results. For many of these molecules, skew conformations are found with relatively low energies (2.5 to 4 kcal/mol above lowest energy chair form). The 2 S O and 1 C 4 conformers of crystalline benzoyl derivatives of xylopyranose are in secondary low-energy regions on the β-xylopyranose surface, within 3.8 kcal/mol of the global 4 C 1 minimum. 
INTRODUCTION
Previously, we modeled the pyranosy! ring shapes of the D-aldohexoses with the molecular mechanics progr.m1 MM3.
1 In general, MM3 predicted the shapes ofthes~ cydic structures well.
AU of the p-anomers favored the 4 C1 conformation, as did most of the a~anomcrs. For the hexoscs existing in multiple forms, e.g. a-idopyranosc and cx-aJtropyranose, the model predicted multiple forms. However, the conformer distribution predicted for these molecules was not always in exact agreement with the distributions predicted from NMR results, signifYing the effects of modeling error, including neglected solvation and entropic effects. In addition, a comparison of the predicted energies for the 'momers indicated that the equatorially configured P-structures were systematically ovcrprcdictcd.
A better test of a potential energy function for predicting carbohydrate ring forms would be a series of pyranosyl structures known to be more variable in conformational preference. The aldopyranosyl pentoses, which lack the bulky hydroxymcthy1 group, represent such a series. By NMR, 2 ..3 a.~ and p-xylopyranose and P-lyxopyranose exist predominately in the 4 C1 fom1; a.-and ~-arabinopyranose exist predominately in the I ('4 form; and a-lyxopyranosc exists as a mixtur.:
of the two chair forms. Ribopyranose, which has already been studied with MM3, 4 is also found as a mixture of chair forms. This series appears to be a good test of the ability of potential functions to reproduce ring conformations.
In addition to the goal of validating molecular models, there is interest in understanding how saccharides interact with proteins and how these interactions facilitate enzyme kinetics. in part, this stems from the need to improve en:zyme stability or to alter reaction conditions. Xylanase is of commercial interest because it reduces the need for chlorine bleaching in paper pulping. 5.6 A number ofxylanase structures with xylan fragments or related derivatives bound to the active site have now been solved by diffraction crystallography, and these structures suggest that bound xlyose rings can have non-chair conformations during hydrolysis.
-
9 An understanding of the confbnnational preferences of xylopyranose may be important for understanding the activity and specificity of these enzymes.
METHODS
The computational methods used in this work have been described in previous publications and will only be outlined here. Fig. 1 .
The Pickett-Strauss sur lace distorts some aspects of the puckering sphere. Most affected are the two poles {i.e. the chair conformers), which are transformed into the top and bottom y-axes. In effecl, the points representing the poles are stretched into lines corresponding to the two hori:1.ontnl boundaries. Because the system used to generate the puckered rings evenly samples the puckering sphere, the transformation results in a low density of data points near the two chair regions. This results in some distortion of the contour lines near these boundaries.
To fmd local minima, the local low-energy regions were identified from the Pickett-strauss surfaces. Molecules with these ring shnpes were built with all 81 (3 4 ) sets of staggered exocyclic orientations. All of these structures were freely optimi:1.ed to determine the lowest-energy form.
If any of the structures from one local region optimized to a different area of the puckering space, the region wa-. not considered to have a local minimum. The Karplus equations of Haasnoot et a1. 16 were used to calculate proton-proton coupling constants for these structures. For both a-and ~-xylopyranose, the lowest-energy ring conformer is ~cJ. The second-lowest energy conformer for a-xylopyranose is I c-~ and for ~-xylopyranose is 2 So. These forms are 1. 7 and 2.6 kcal higher in energy, respectively. TI1e 'c, form ofP-xylopyranose is the third lowest energy form at 3.8 kcal/mol. The energy differenc.es between the two chair forms are much smaller for xylopyranose than for glucopyranose, 1 demonstrating the large energy penalty for 6 having the bulky bydroxymethyl side group in an axial orientation. Nevertheless, because the 4 Ct conformation dominates the distribution, the calculated coupling constants for the 4 C1 form and the confomwtional average are similar. Both sets of coupling constants are in good agreement with NMR results (Table l ) , with a root-mean-square (rms) deviation between the calculated and experimental coupling constants of 0.6 H~ for a-xylopyranose and 0.4 Hz for P-xylopyranose.
Numerous single crystal structures exist for molecules that contain xylopyranosyl ringsY;~. 42 Most of these structures have In addition to single crystal structures, a number of enzymes have been crystallized with bound xylosyl moieties. 7 -9 Although bound subunits are generally less accurately determined in protein diffraction studies than in small-molecule diffraction studies, non-chair xylose ring shapes have been reported in these strudures by different research groups.
• 9
In these studies, the xylose ring i.n the -1 subsite ofthe family ll xylanases was observed in a (Fig. 1) , and the MM3 energy change for this conversion is only 2-3 kcal/mol (Fig. 2) . Sidhu et a1.
9 have proposed an enzyme-mediated ring cmrversion pathway of (Fig. 3 ) .
The u-o-Iyxopyranose surface has a 4 C, global low-energy region and a 1 C 4 secondary lowenergy region (Fig. 4a ). The energy difference between these two forms is 0.9 kcallmol ( A nom eric ratios can be estimated from the average energies of the confonner populations for each monosaccharide. For xylopyra.noset the distribution is calculated to be 14% a-anomer and 86% ~-anomer. Compared with th~ experimental ratio in D 2 0 (37% a-anomer/63% ~-anomer), 3 the ~-anomeric form is overpredicted. For lyxopyranose, the calculated distribution is 48% aanomer and 52% ~-anomer, and again the ~-form is overpredicted compared to the distribution in D20 (71% a-anomer/29% ~-anomer). 3 A similar difference was previously found to occur for the aldohexoses. 1 For arabinopyranose, the calculated distribution is 82% a-anomer and 18% 11~
anomer. In this case, however, the p-anomer is Wlderpredicted in comparison to NMR results in D20 (63% a....anomer/37% ~-anomer). difficult to model,. this functionality is likely responsible for the cakulated differences. The analysis~ however, is complicated because MM3 also overpredicts ilie axial form of2-hydroxytetrahydropyran relative to experiment 1 Recent ab initio results highlight these effect.;;, and some improvement in the modeling of the anomeric region for di.saccharides has been achieved by a hybrid QMIMM approach that in principle corrects tbr errors in the molecular mechanics modeling of anomeric sequences. 5 7 In any case, the magnitude of the energy lO discrepancy in the MM3 calculation is small and is on the order of magnitude (<l kcalimol) of the uncertainty of the quantum mechanical caJculations.
There has been considerable debate regarding the importance of solvent and entropic effects on the conformation of small carbohydrates. Inclusion of these "additional"' influences is often used to compensate for discrepancies between experimental data and the underlying computational expected from NMR coupling constants and crystallographic data.. For the pentoses~ secondary confonnations are lower in energy than they were for the hexoses, demonstrating the influence of the C-6 hydrox.ymethyl group on hexose conformation. A systematic error in the estimation of anomer ratios appears to be related to difficulties in parameterizing some torsion sequences. 
